Pallets are the tiny cogs in the machine that drive transportation in the global economy. The profusion of pallets in today's supply chain warrants the investigation and discussion of their respective environmental impacts. This paper reviews the life cycle assessment studies analyzing the environmental impacts of pallets with the intent of providing insights into the methodological choices made, as well as compiling the inventory data from the studies reviewed. The study is a meta-analysis of eleven scientific articles, two conference articles, two peer-reviewed reports, and one thesis. The review was implemented to identify the key methodological choices made in those studies, such as their goals, functional units, system boundaries, inventory data, life cycle impact assessment (LCIA) procedures, and results. The 16 studies reviewed cumulatively analyzed 43 pallets. Mostly pooled (n = 22/43), block-type (n = 13/43), and wooden (n = 32/43) pallets with dimensions of 1219 mm × 1016 mm or 48 in. × 40 in. (n = 15/43) were studied. Most of the studies represented pallet markets in the United States (n = 9/16). Load-based (e.g., 1000 kg of products delivered), trip-based (e.g., 1000 trips), and pallet-based (e.g., one pallet) functional units were declared. A trip-based functional unit seems the most appropriate for accounting of the function of the pallets, as its purpose is to carry goods and facilitate the transportation of cargo. A significant amount of primary inventory data on the production and repair of wooden and plastic pallets are available, yet there are significant variations in the data. Data on pallets made of wood-polymer composites was largely missing.
Introduction
In the existing world of increasing mobility and growing trade, material and commodities need to be transported safely across various actors of the economy: from suppliers to manufacturers, from manufacturers to warehouses, from warehouses to retailers, and finally to consumers. As global trade increases, the role pallets' play becomes ever more significant, because they literally move the world. According to the market estimated by Freedonia [1] , the global demand on pallets was expected to slightly surpass 5 billion pallets in 2017, out of which roughly 30% would be supplied in North America, 20% in Western Europe, and 30% in the Asia Pacific.
Pallets, as defined in the SFS-EN ISO 445 standard [2] , represent "rigid horizontal platforms of minimum height, compatible with handling by pallet trucks and/or forklift trucks and other appropriate handling equipment, used as a base for assembling, loading, storing, handling, stacking,
Review Process and Studies Reviewed

Review Process
This study systematically reviews literature on the life cycle assessment of pallets as outlined in Figure 1 . The review was performed using the search strings of "pallet*" and "life cycle assessment" in title, abstract, and keywords of SCOPUS [8] and Web of Science [v.5.33] [9] databases. The search yielded 21 results for each database (42 in total). Apart from the sources identified in the databases, six other sources were found on the Internet. A total of 34 studies were left after the removal of duplicates. Out of them, four studies could not be retrieved by the authors, namely [10] [11] [12] [13] . Thus, 30 articles were assessed for their eligibility to be included in the review process, out of where 14 studies were outside the scope of this paper. The studies excluded did not perform a life cycle assessment (LCA) of pallets, but rather included pallets as a part of their system boundaries. A total of 16 studies were left for qualitative and quantitative analysis.
Studies Reviewed
In total, 16 studies were included in the current review ( Table 1 ). The majority of the included studies (n = 11) were scientific journal articles. Most of the studies reviewed focused on providing life cycle inventory (LCI) data on pallet production, manufacturing, as well as other life cycle stages. Other studies focused on the comparison of pallets produced from different materials, such as wood and plastics. A study by Alvarez and Rubio [14] examined the use of different carbon footprint accounting methods using pallets as a case study. A study by Alanya-Rosenbaum et al. [15] was methodological in nature neither providing LCI nor comparing different pallets. 
Pallets Classification
Pallets can be classified based on their raw materials, type, dimensions, and management strategy ( Figure 2 ). Considering raw materials, most of the pallets are made of wood (softwood, hardwood, technical wood), plastic (virgin plastic, recycled plastic), cardboard, or wood-polymer composites. The European market is dominated by the EUR pallet, size 1200 mm × 800 mm, whereas the markets of North America are mainly occupied with GMA-sized pallets with dimensions of 48 in./1219 mm × 40 in./1016 mm. Markets in China or Finland commonly have pallets with dimensions of 1200 mm × 1000 mm, whereas Australian pallets oftentimes have rectangular dimensions (1165 mm × 1165 mm). Pallets of other dimensions also exist and can be customized to meet customer demand. Currently there is no internationally recognized pallet standard, but the ISO sanctions six pallet types ranging in size from 800 × 1200 mm to 1016 × 2019 mm [17] . Pallets are commonly structured in one of two ways: either as a stringer or block pallet. The former is most commonly used in North America, whereas the latter is widely used in Europe. Both pallet types have equal bearing load capacities. As discussed in the introduction, pallets can also be classified by their pallet management strategy. Pallets intended for single use are commonly called "single-use pallets", while those are also called one-way, expendable, or non-pooled pallets. Pallets, whose ownership is transferred with the pallet are commonly known as "buy/sell pallets", which are also known as openloop or exchange pallets. "Pooled pallets", also referred to as closed-loop, leased, cross-docking, or take-back pallets, are rented from a pallet management company who externally manages the pallet pool. It is worth mentioning that this classification is not strict with possible inconsistencies (e.g., buy/sell pallets are also "non-pooled" pallets, whereas cross-docking and take-back are specific 
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However, such classification attempts at harmonizing the terminology used across literature in different countries and continents. To assess, quantify, and compare the carbon emissions of recycled wood waste (technical wood) with virgin softwood in the application of wooden pallets using comparative carbon footprint assessment methodology.
To assess the potential of the compound method based on accounting for product carbon footprints. To evaluate the differences between this method and product carbon footprint. (9) [25] C To calculate the environmental impact of softwood (structural grade pine), hardwood, and plastic pallets compared to their key market alternatives: simple/one-way pallets of softwood or cardboard. (15) [29] J
To determine the maximum distance at which a repair facility can be located so that a closed-loop pallet system is both environmentally and economically sustainable. (16) [30] J To build a life cycle model for both wood and plastic pallets.
1 Report (R); journal article (J); thesis (T); and conference proceedings (C).
Figure 2.
Classification of pallets based on their raw materials, size, type, and management strategy.
Methodological Choices
The studies reviewed employed a range of different methodological choices which are summarized in Figure 3 . The majority of studies were comparative in nature. The comparisons made were between the raw materials used, which were most commonly wood and plastic, the different management strategies, as well as between differing usage intensities. The studies were often performed following the guidelines expressed in ISO 14040 standard [31] on LCA, whereas some of them followed the standards or guidelines on carbon footprints, such as ISO 14067 [32] . The reports included were critically reviewed ensuring their compliance with the ISO 14040 standard.
Geographical Scope
Geographical coverage of the reviewed studies varied, while the majority of the studies were representative of the situation in the United States or North America. Particularly, researchers from Auburn University, Rochester Institute of Technology, Virginia Tech, and the National Wooden Pallet and Container Association were actively involved in the research. Gasol et al. [19] and Alvarez and Rubio [14] studied pallet production in Spain, Kočí [30] assessed the impacts of pallet production in the Czech Republic, whereas Niero et al. [22] conducted a more generic study representative of European conditions. Finally, Bengtsson and Logie [25] and researchers from Edge Environment Pty 
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Geographical Scope
Geographical coverage of the reviewed studies varied, while the majority of the studies were representative of the situation in the United States or North America. Particularly, researchers from Auburn University, Rochester Institute of Technology, Virginia Tech, and the National Wooden Pallet and Container Association were actively involved in the research. Gasol et al. [19] and Alvarez and Rubio [14] studied pallet production in Spain, Kočí [30] assessed the impacts of pallet production in the Czech Republic, whereas Niero et al. [22] conducted a more generic study representative of European conditions. Finally, Bengtsson and Logie [25] and researchers from Edge Environment Pty Ltd [28] conducted their studies for pallet production in Australia and Southeast Asia. Such variation in the geographical representativeness might affect the results of the studies to the extent of variation in the LCI datasets of electricity generation, production of raw materials, as well as the impact of transportation and diesel production.
Functional Unit
Across the studies, a large variation was revealed in the functional unit chosen. Some studies set the number of trips as the functional unit (e.g., 100,000 trips [18, 26] or 1000 trips [15, 25] ). Such Sustainability 2019, 11, 5750 6 of 17 functional unit allows for a more comprehensive assessment of the different types of pallets having a different number of cycles per service life. It also accounts for the prolonged service life during pallet repair. The term cycle, in this context, refers to one trip through a supply chain from the highest echelon (the supplier, producer, or manufacturer) to the lowest echelon (the customer or end user). Though it should be noted that supply chains vary in distance and complexity so it is difficult to gauge exactly how many trips or cycles a pallet will last. In some studies [19, 30] , the mass of products delivered (e.g., 1000 t or 1000 kg), was chosen as a functional unit. This approach accounts for the differing carrying capacities of the pallets. It should be acknowledged that pallets cannot always support their specified maximum load. Deformation during production, high repair intensity, or damaged wood may result in weaknesses that lower the overall carrying capacity. Several studies [6, 14, [22] [23] [24] performed their research using a single pallet as the functional unit. In this case, studies should clearly indicate the carrying capacity of the pallets, as well as their expected number of cycles. This is needed to be able to convert the results to the number of trips since the primary function of the pallets is to transport goods. The number of pallets, on the contrary, could be recommended as a reference flow. The difference in the functional units complicates cross-comparison of studies and their effective discussion.
System Boundary
All stages of the pallets' lifecycle were studied in most of the articles reviewed, while their inclusion was limited in some of the studies. The cradle-to-grave studies typically included the impacts from the supply of its raw materials, such as wood, plastic, nails, electricity, and heat, the assembly of the pallets, their distribution and use, which mainly was the transport of the pallets to the customer and back, optional maintenance and repair, and finally recycling or disposal. Some of the studies [26] [27] [28] [29] also studied the impact of the various handling and loading conditions on the results, which occur through altering the need for repair and changes in the number of cycles in their service life. In two studies [6, 27] the impact of pallet manufacturing was left outside the system boundaries due to the specific impact of those studies on the repair strategies of the pallets.
Life Cycle Inventory
In many studies [6, 14, 18, 19, 22, 28, 30] , primary and site-specific data were used to model the process of pallet manufacturing, as well as data on the consumption of raw materials and energy. In some other studies, combinations of primary and secondary data were used. However, not all studies were sufficiently transparent to ensure replication. Those that were transparent enough were further analyzed and the data was retrieved into a tabular form as presented in Section 6. Most of the modeling was performed in SimaPro, whereas many studies did not mention the software used. One study used Gabi for modeling.
Life Cycle Impact Assessment
Global warming potential, also referred to as carbon footprint or impact on climate change, was the most commonly studied impact assessment category. The impact was mostly modeled using CML 2000, ReCiPe (H), and TRACI impact assessment methods. However, the impact assessment methods were not clearly stated in many studies. Other non-toxic impact categories, such as acidification, eutrophication, or ozone layer depletion potential, were also studied [19, 20, 22, 28, 30] . The studies by Kurisunkal [20] , Bengtsson and Logie [25] , and Kočí [30] assessed a wide spectrum of impacts, including non-toxic impact categories, toxic impacts, resource depletion potential, water use, as well as land occupation. In the study by researchers from Edge Environment Pty Ltd [28], emissions of biogenic carbon due to deforestation were accounted for, as well as an indicator accounting for the use of waste in the plastic pallets was calculated. Apart from the impact assessment, inventory data can be used to calculate indicators of circularity for products utilizing waste. One example of such an indicator could be the material circularity indicator developed by the Ellen MacArthur Foundation [33] . 
Pallets Studied
All in all, 43 pallets of different compositions, dimensions, structures, and management strategies were identified in the studies reviewed ( Figure 4 ). Most studies focused on pooled pallets rather than on buy/sell or single-use pallets. The latter two were usually just referenced as alternative pallet management strategies. Stringer pallets were more commonly studied in the United States, where they represent 50%-54% of the total market share, whereas block pallets make up just 17%-20% [34] . In total, 15 of the cases studied involved GMA-sized pallets, which are the most commonly used pallets in the United States and account for 65% of the market share [35] .
The pallets sized 1200 mm × 800 mm (i.e., EUR or European Pallet Association (EPAL) pallets), are the most commonly studied pallets in Europe; this is perhaps due to their abundant availability. The European Pallet Association (EPAL) [36] stated that in 2017 they produced 88.3 million EUR pallets. Regardless of the management strategy or the structure of the pallet, most of the pallets in the reviewed studies, were made of wood (n = 32) while the remaining cases studied plastic pallets (n = 8), cardboard (n = 2), and composite (n = 1). 
The pallets sized 1200 mm × 800 mm (i.e., EUR or European Pallet Association (EPAL) pallets), are the most commonly studied pallets in Europe; this is perhaps due to their abundant availability. The European Pallet Association (EPAL) [36] stated that in 2017 they produced 88.3 million EUR pallets. Regardless of the management strategy or the structure of the pallet, most of the pallets in the reviewed studies, were made of wood (n = 32) while the remaining cases studied plastic pallets (n = 8), cardboard (n = 2), and composite (n = 1). The performance of the studied pallets expressed through their carrying capacity, the number of cycles, or the expected lifetime, ranged across the studies reviewed. The carrying capacity was seldom stated. The wooden pallet was given the capacity of 453-1350 kg depending on the management strategy [26, 27] , 1000 kg [19] , or 1500 kg [30] . The plastic pallet was estimated to withstand higher loads of 1500 kg [30] or 1810 kg [20] . The wooden pallets were expected to last for 10 years in the majority of the studies analyzed. The largest variation in the studies reviewed was for the number of cycles, which is shown in Figure 5 . The wooden pallets were mostly modeled to be used for 5 to 30 cycles, while occasionally performing at up to 90 cycles. The plastic pallets, however, have longer service lives which would last for 50-100 cycles. Shorter lives of five cycles and longer lives of 300 cycles were also considered. The longer service life of plastic pallets is due to its higher strength and better resistance to weathering. On the other hand, plastic pallets cannot be repaired, unlike wooden pallets, thus requiring better handling conditions to ensure a long life.
Wood (32) 1219 × 1016 mm/ 48 × 40 in. (15) Block (13) Single-use (7) Plastic (8) 1200 × 800 mm/ 47.2 × 31.5 in. (8) Stringer (7) Buy/sell (6) Composite (1) 1200 × 1000 mm/ 47.2 × 39.4 in. (9) Nestable (2) Pooled (22) Cardboard (2) Other/N.m. (11) Other/N.m. (21) Other/N.m. The performance of the studied pallets expressed through their carrying capacity, the number of cycles, or the expected lifetime, ranged across the studies reviewed. The carrying capacity was seldom stated. The wooden pallet was given the capacity of 453-1350 kg depending on the management strategy [26, 27] , 1000 kg [19] , or 1500 kg [30] . The plastic pallet was estimated to withstand higher loads of 1500 kg [30] or 1810 kg [20] . The wooden pallets were expected to last for 10 years in the majority of the studies analyzed. The largest variation in the studies reviewed was for the number of cycles, which is shown in Figure 5 . The wooden pallets were mostly modeled to be used for 5 to 30 cycles, while occasionally performing at up to 90 cycles. The plastic pallets, however, have longer service lives which would last for 50-100 cycles. Shorter lives of five cycles and longer lives of 300 cycles were also considered. The longer service life of plastic pallets is due to its higher strength and better resistance to weathering. On the other hand, plastic pallets cannot be repaired, unlike wooden pallets, thus requiring better handling conditions to ensure a long life. 
Life Cycle Inventory
The studies which presented their inventory data for the production of pallets were analyzed further. Table 2 compiles the life cycle inventory data from the articles reviewed per single wooden or plastic pallet with specified dimensions and mass, if available. The presented data is reflective of the inputs during the production process in the form of intermediate flows. 
The studies which presented their inventory data for the production of pallets were analyzed further. Table 2 compiles the life cycle inventory data from the articles reviewed per single wooden or plastic pallet with specified dimensions and mass, if available. The presented data is reflective of the inputs during the production process in the form of intermediate flows. The data was converted from the functional unit stated in the paper; b calculated using the weight of a single nail of 4.5 g; c the amount of electricity, heat, and fuels used was not directly specified in the paper and could not be retrieved from the information presented in the study with a high degree of certainty; d technical wood was used in the manufacture; e calculated based on the data provided in the study cited; f calculated from the volumetric data using the density of wood of 474 kg/m 3 ; g the pallet was made of recycled high density polyethylene; h carbon black was used in the manufacture as a UV inhibitor; i color pigments were used in the manufacture; j the pallet was made of recycled plastic; k the pallet contained 85% virgin HDPE and 15% recycled HDPE; l the palled contained 70% virgin plastic, 20% industrial waste plastic, and 10% recycled plastic pallets; m the data for the wooden pallet were deduced from annual data using the mass of cuttings as a reference flow and assuming the mass of a single pallet of 20-25 kg; n the mass of nails deduced from the yearly data was significantly lower than the average data from other literature, so the value was omitted, o light fuel oil.
Wooden Pallets
The key inputs to the production of wooden pallets are wood itself, such as timber or particleboard, nails to fasten the wood, electricity for the process equipment, and thermal energy or fuel for phytosanitary treatment [37, 38] . Additionally, wood can be pained, which is a common practice for pooled pallets to enable their tracking and distinguish them from the pallets of other companies. Finally, phytosanitary treatment can be implemented through fumigation of the pallets with methyl bromide, radiofrequency heating, or conventional heat treating. The latter being the most common method of treatment [20] . The International Phytosanitary Measure (IPSM) 15 mandates that wooden packaging must be heat-treated or fumigated with methyl bromide, stamped with the appropriate labeling, and be de-barked in order to cross international borders. This is to mitigate pests and bugs from spreading via trade.
The mass of the required materials varied significantly across the studies. This can be partly attributed to the differing dimensions of the reviewed pallets. Also, the pallet management strategy affects the requirements set on the pallets: the single-use pallets are not intended to last, so thinner wood is used, while the opposite holds true for the polled pallets. The weight of the wood required for a wooden pallet ranged from 8.4-40 kg with an average value of 21.4 ± 8.8 kg. Considering the EUR pallets only (1200 mm × 800 mm), the weight of the wood required ranged from 8.4-25.0 kg with the average value of 17.1 ± 6.9 kg. However, the average weight calculated based on the studies reviewed seems to be underestimated if compared to the bottom-up estimation of the weight of the pallet based on the requirements of the EUR pallet [37] . Table 3 calculates the weight of a wooden EUR pallet based on the number of components and their dimensions from the SFS-EN 13698-1 standard. The total weight of the pallet using a bottom-up approach is 21.82 kg. According to the European Pallet Association [39], the approximate weight of a EUR pallet is 25 kg. The exact weight of a pallet depends also on the density of wood used, as well as its moisture content. The weight of the nails required ranged from 0.18-0.69 kg per wooden pallet with an average of 0.38 ± 0.12 kg. Considering only EUR pallets, the weight of the nails required varied from 0.18 to 0.49 with the average weight of 0.35 ± 0.11 kg. Given that 78 nails are required to produce a EUR pallet according to the standard, the weight of a single nail would be 4.5 g.
The electricity demand for the production of an EUR pallet ranged significantly from 0.12 to 2.2 kWh per pallet with the average of 0.69 ± 0.73 kWh. The value is significantly lower than that of a plastic pallet, as discussed later. Apart from electricity, heat is used in the production of wooden pallets, yet its quantification is challenging because thermal energy required is given as heat in some studies and as fuel in others. In those studies which give thermal energy demand directly, the average value was 4.1 ± 2.5 MJ per EUR pallet. The diesel or light fuel oil demand ranged from 0.017-0.16 L per pallet.
Plastic Pallets
The production of plastic pallet requires plastic itself, which can be either virgin plastic or recycled, electricity for thermoforming of plastic, and diesel for the machinery operating at the plant. No phytosanitary treatment is required for plastic pallets. The mass of plastic pallets equals the mass of plastic required, as well as possible plastic waste generation. Due to lack of standards on plastic pallets, their dimensions vary significantly, though they often conform to the dimensions of the wooden pallets. The shares of the studied plastic pallets are shown in Figure 6 .
The production of plastic pallet requires plastic itself, which can be either virgin plastic or recycled, electricity for thermoforming of plastic, and diesel for the machinery operating at the plant. No phytosanitary treatment is required for plastic pallets. The mass of plastic pallets equals the mass of plastic required, as well as possible plastic waste generation. Due to lack of standards on plastic pallets, their dimensions vary significantly, though they often conform to the dimensions of the wooden pallets. The shares of the studied plastic pallets are shown in Figure 6 . Since the plastic pallets are molded, the inputs of the plastic were normalized to 1 m 2 of the pallet surface to ensure cross-comparability of the studied pallets. The minimum mass of plastic required per 1 m 2 of the plastic pallet was 13 kg, whereas the maximum weight was 34 kg. The average mass of the plastic needed was 21 ± 7 kg/m 2 , which equals 20 kg per EUR pallet, 25 kg per FIN pallet (1200 mm × 1000 mm), or 26 kg per GMA pallet.
Unlike wooden pallets, the production of plastic pallets requires more electricity which is needed to melt the plastic and inject it into the mold. The minimum electricity demand is 6.8 kWh Since the plastic pallets are molded, the inputs of the plastic were normalized to 1 m 2 of the pallet surface to ensure cross-comparability of the studied pallets. The minimum mass of plastic required per 1 m 2 of the plastic pallet was 13 kg, whereas the maximum weight was 34 kg. The average mass of the plastic needed was 21 ± 7 kg/m 2 , which equals 20 kg per EUR pallet, 25 kg per FIN pallet (1200 mm × 1000 mm), or 26 kg per GMA pallet.
Unlike wooden pallets, the production of plastic pallets requires more electricity which is needed to melt the plastic and inject it into the mold. The minimum electricity demand is 6.8 kWh and the maximum is 359 kWh per 1 m 2 of the pallet surface. The average electricity demand is 104 ± 120 kWh/m 2 . To compare, the electricity demand for a wooden EUR pallet is 0.69 ± 0.73 kWh. Therefore, the carbon intensity and the type of electricity required has a significantly more pronounced impact on plastic pallet production. Small diesel consumption was also included in some studies at the level of 0.04-0.014 L [28] and 0.63 L [30] .
Life Cycle Impact Assessment
The reviewed studies mainly focused on the impacts on climate change (Figure 3 ), whereas some of the studies also assessed other impact categories. For this reason, the focus on this section is on the systematic assessment of the results of the carbon footprint while also giving an overview of other impact categories based on a limited number of studies.
Carbon Footprint
The carbon footprint of a pallet, also referred to as global warming potential or climate change, is a sum of greenhouse gas emissions and removals occurring during a pallet's life cycle and expressed as a mass of carbon dioxide equivalents (e.g., kg CO 2 -eq.). The carbon footprint can be calculated using specific guidelines of the SFS-EN ISO 14067 standard [32] , which solely focuses on climate change impacts, or following the generic requirements of SFS-EN ISO 14040 [31] standard by using only one impact category of climate change. Other standards also exist, yet they were not widely followed in the studies reviewed. Caution should be given to possible differences in the accounting of greenhouse gases by different impact assessment methods used in the studies reviewed (i.e., IPCC, CML2000, TRACI, and ReCiPe (H)). Table 4 lists the carbon footprints from the studies reviewed per life cycle stages recommended by the methodology for product environmental footprint calculations [40] . The results are given as total carbon footprint per one pallet and/or per one trip depending on the data available in the studies reviewed for the conversion of the results. Please note that not all data presented in the original research studies exactly matched the classification of life cycle stages used in this study. Therefore, the values presented per life cycle stage should be read with caution and if the needed, the original article should be referred to. The life cycle stages were abbreviated as follows: RMA and PP (raw materials acquisition and pre-processing), MAN (manufacturing stage), DIS (distribution stage), USE (use phase), and EOL (end-of-life); 2 the data were retrieved from graphs; 3 the type of the pallet is a single-use pallet; 4 the value is the average of the worst and best handling conditions; 5 the values are for the following end-of-life options: landfilling, mulching, and incineration with energy recovery; 6 the smaller value is for the softwood pallet and the bigger one is for the hardwood pallet; 7 the impact from repair of a pallet throughout its lifetime; 8 the impact of a single repair. Avoided impact originates from avoided lumber production and recycling of steel scrap which together outweighs the impact of electricity and nails provision.
The results show a large variation in the climate change impacts of wooden pallets. The impact of a wooden EUR pallet ranged from −26 to 9.9 kg CO 2 -eq. per pallet. The negative impact on climate change was due to carbon sequestration of wood (−40 kg CO 2 -eq. per pallet), which was accounted for during wood harvest in the study by Gasol et al. [19] , yet the end-of-life was mostly recycling which was chipping of wood, proposing wooden pallets as carbon stock. The results by Gasol et al. [19] , however, differed for the high reuse intensity pallet, which had the total carbon footprint of 8.2 kg CO 2 -eq., which was due to higher impacts from transportation needed to ensure forward and reverse logistics of the pallets. The carbon footprint of the EUR pallet in other studies was on average 6.1 ± 3.1 kg CO 2 -eq., where the majority of the impact originated from the acquisition of the raw materials. However, if the pallets were designed to be reused, the impact from transportation is expected to be higher, as shown in the studies by Gasol et al. [19] and Kurisunkal [20] . The study by Carrano et al. [23] evaluated the environmental impacts of different end-of-life scenarios for the pallets, land filling, mulching, and inclination with energy recovery. The authors showed that incineration with energy recovery and substitution of electricity results in emissions savings at the level of −7.6 to −19 kg CO 2 -eq. per pallet. This is possible because of the biogenic nature of wood, whose incineration does not affect climate change as opposed to other fuels, which are being replaced with wood.
The climate change impacts from the product systems studying plastic pallets were in general higher compared to wooden pallets. Kurisunkal [20] estimated the impact to be 166 kg CO 2 -eq. per pallet, if the pallet makes 100 trips. Bengtsson and Logie [25] reported the impact at the level of 61-102 kg CO 2 -eq. depending on the country of pallet production and its size. The researchers at Edge Environment Pty Ltd.
[28] assessed the impact of pallets made of recycled plastic to be 3.7-4.1 kg CO 2 -eq., whereas that of a conventional plastic pallet was 22 kg CO 2 -eq. The difference between waste and virgin plastic is in the zero-burden approach used for waste plastic. Furthermore, plastic pallets in the study of Edge Environment Pty Ltd.
[28] were modeled as being landfilled, which has only a small impact on climate change of 0.088 kg CO 2 -eq. per kg of material or 2.2-2.7 kg CO 2 -eq per pallet. On the contrary, if the pallets were incinerated, the impact would increase to approximately 50 to 60 kg CO 2 -eq. per plastic pallet.
Other Impact Categories by Studies
Apart from carbon footprints, some studies evaluated the acidification potential, eutrophication potential, ozone layer depletion potential, toxic impact, use of water, and land occupation, among other impacts. The impact assessment methods varied across the studies: CML 2000 was used by Gasol et al. [19] , Impacts 2002+ by Kurisunkal [20] , ReCiPe 2008 by Niero et al. [22] , ReCiPe (v1.10) by Bengtsson and Logie [25] , ReCiPe (v1.12) by Edge Environment Pty Ltd [28] , and ReCiPe 2016 (v1.1) by Kočí [30] . Owing to the variation in the accounting of impacts in different methods and variation of characterization factors within the same method but different versions, the studies were not cross-compared. Instead, alternative pallets or their management strategies were discussed.
Reuse Intensity
Gasol et al. [19] found that the pallets with the higher reuse intensity (30 cycles) performed better than the pallets with the lower reuse intensity (4.4 cycles) when considering their environmental impacts per 1000 cycles. However, the impacts per pallet were higher in the case of the pallets indented to be reused frequently. They are built to be more durable and therefore consume more resources. The energy consumed in the studied system was 62 MJ for the high reuse system and 171 MJ for the low reuse system. The impact per pallet was 1.9 and 0.75 MJ, respectively. A similar trend was seen for the other impact categories studied.
GMA-Sized Wooden and Plastic Pallets
The study by Kurisunkal [20] identified a significant difference in the impacts of a wooden block-type GMA pallet and a plastic pallet of the same size. The only impact category where plastic pallets showed better performance was land occupation scoring 0.21 m 2 for a plastic pallet and 2.6 m 2 for a wooden pallet. For the other impact categories, the plastic pallet showed higher impact by 1.5-148,499 times. The largest difference was for carcinogenic impacts which were 0.59 kg C 2 H 3 Cl-eq. for a wooden pallet and 87,169 kg C 2 H 3 Cl-eq. for a plastic pallet, with 99% of the impact coming from the supply of plastic.
Pallets in Australia and China
According to Bengtsson and Logie [25] , the production of a wooden (softwood) 1165 mm × 1165 mm pallet in Australia has an endpoint impact of 6.8 Pt versus 3.1 Pt originating from the production of a 1200 mm × 1000 mm wooden (softwood) pallet in China. Also, the consumption of fossil fuels is higher in Australia than in China being 20 kg oil eq. and 6.0 kg oil eq., respectively. Even if Australian pallets performed better (12 pallets is needed for 1000 trips) than the Chinese ones (22 pallets is needed), the order of the results remained the same. On the contrary, plastic pallets production in Australia has lower impacts than in China: 11 Pt vs. 13 Pt and 38 kg oil eq. vs. 54 kg oil eq., respectively. The same applies to the functional unit of 1000 trips since the pallets are expected to have the same number of uses during their lifetimes.
Pallets Made of Waste Plastic or Tropical Wood
The study conducted by Edge Environment Pty Ltd [28] and commissioned by Range International, which is a company manufacturing plastic products from waste plastic, analyzed the impacts of producing and utilizing pallets from waste plastic using a zero-burden approach and compared the results to a wooden pallet made of unsustainably sourced tropical wood, and a conventional plastic pallet. The results indicated that the waste plastic pallets were 3-801 times better than the conventional plastic pallet depending on the impact category analyzing the results per trip. The largest difference was recorded for the damage on ecosystems which was 1.6 × 10 -5 species a year per trip for the conventional plastic pallet and 2 × 10 -8 to 3.5 × 10 -8 per trip for the waste plastic pallets. The freshwater eutrophication potential, terrestrial acidification potential, and fossil fuel depletion potential had a smaller difference of 3-4 times. The waste plastic pallets also performed better, environmentally, than the wooden pallets, yet the difference was smaller, 3-13 times. The largest difference occurred for the freshwater eutrophication potential and fossil fuel depletion potential. The assumption of landfilling as the waste plastic pallet's end-of-life scenario was largely responsible for the lower impact.
Conclusions
The environmental impact associated with the production, use, and disposal of various pallets has been assessed in several studies identified and reviewed in this paper. In total, 16 studies were identified. The reviewed studies employed different approaches to life cycle assessment. This paper systematically analyzed those studies and tabulated key methodological assumptions made with the inventory data available and analyzed their results.
The most studied pallets were block-type 1219 mm × 1016 mm (n = 13/43)/48 in. × 40 in. (n = 15/43), pallets made of wood (n = 32/43), and intended to be pooled (n = 22/43). The pallet market in the United States was mostly studied, while some studies in the context of European and Asian countries were identified. As the function of a pallet is to transport cargo, the recommended functional unit is the number of trips through the supply chain that a pallet can make in its lifetime. This allows the difference between types of pallets to be accounted for. Also, the load can be considered in the functional unit, yet a high uncertainty on the actual carrying capacity should be addressed. Therefore, the load-based functional unit can be utilized in LCA studies where pallets are only a part of the studied product system to be able to normalize the impact per product studied.
There was a significant amount of inventory data on the production of wooden and plastic pallets, while data on pallets made of wood-polymer composites was missing. A large variation in the number of raw materials required to produce the pallets was observed. Wood consumption ranged from 8.4-40 kg with an average of 21.4 ± 8.8 kg per pallet, considering pallets of all sizes. Wood consumption for the production of a EUR pallet ranged from 8.4-25 kg with the average value of 17.1 ± 6.9 kg. Considering that the average weight of a EUR pallet given in the literature is 20-25 kg, the average value identified during the review is expectedly underestimating the mass of wood required. Nail consumption for a EUR pallet ranged from 0.18 to 0.49 with the average weight of 0.35 ± 0.11 kg, giving 4.5 g for the average weight of a nail because 78 nails are required per EUR pallet. Electricity consumption showed the highest variation between 0.12 and 2.2 kWh per EUR pallet with an average of 0.69 ± 0.73 kWh.
Unlike wooden pallets, there was lower variation in the inventory data of plastic pallets, which can be related to a fewer number of studies focusing on plastic pallets. Since plastic pallets are produced by injection molding, their weight is more uniform than for the wooden pallets. For this reason, the inventory for plastic pallets is given per square meter of the pallets. Plastic consumption ranged from 13-34 kg with an average weight of 21 ± 7 kg per 1 m 2 . Electricity consumption was significantly higher compared to the wooden pallets and ranged from 6.8-359 kWh per 1 m 2 with the average value of 104 ± 120 kWh per 1 m 2 .
Global warming potential was the most commonly studied impact category. The results for a EUR pallet ranged from −26 to 9.9 kg CO 2 -eq. per pallet. The negative value is due to carbon sequestration of wood which was accounted for during wood harvest. At the same time, the wood was chipped at its end-of-life, thus eliminating the release of biogenic carbon back to the atmosphere (i.e., partial carbon footprint). Acquisition of raw materials and transportation of pallets during their use are found to have the largest impact during their lifecycles.
Plastic pallets were found to exert a higher impact on climate change compared to wooden pallets. The impact was calculated to range from 22-166 kg CO 2 -eq. per pallet if virgin plastic is used and 3.7-4.1 kg CO 2 -eq. per pallet, if waste plastic is used. The use of waste plastic reduced the impacts due to the zero-burden approach. Also, landfilling of plastic pallets does not have a large impact on climate change, thus giving plastic a better result for climate change. However, plastic pallets were found to generally have higher impacts across other impact categories, such as carcinogenic impacts, fossil fuel depletion, acidification, and eutrophication.
Based on the literature reviewed, it can be recommended that future studies include a standardized minimum amount of information on pallets, data used, and impact assessment. The pallets should be characterized based on their structure (stringer-type or block-type), dimensions, materials used, and finally the management strategy (single-use, buy/sell, or pooled). Also, information on the pallet load and the number of trips during a lifecycle should be stated to ensure that the data can be converted either to a trip or a pallet, which are the common functional units. The inventory used should be clearly presented to ensure comparability of the data with other literature. The pallet's end-of-life scenario should be specified since it has a high impact on the results. Finally, the results of the studies should be clearly presented per life cycle stages to ensure transparency and comparability of the results.
